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Abstract
This work reports on the measurement of magnetic dichroism in angular-
resolved photoelectron spectroscopy from in-plane magnetized buried thin
films. The high bulk sensitivity of hard X-ray photoelectron spectroscopy
(HAXPES) in combination with circularly polarized radiation enables the
investigation of the magnetic properties of buried layers. Angular distribu-
tions of high kinetic energy (7 to 8 keV) photoelectrons in a range of about
60◦ were recorded in parallel to the energy distribution. Depending on pur-
pose, energy and angular resolutions of 150 to 250 meV and 0.17◦ to 2◦
can be accomplished simultaneously in such experiments. Experiments were
performed on exchange-biased magnetic layers covered by thin oxide films.
More specifically, the angular distribution of photoelectrons from the fer-
romagnetic layer Co2FeAl layer grown on MnIr exchange-biasing layer was
investigated where the magnetic structure is buried beneath a MgO layer.
Pronounced magnetic dichroism is found in the Co and Fe 2p states for all
angles of emission. A slightly increased magnetic dichroism was observed for
normal emission in agreement with theoretical considerations.
Keywords: Hard X-ray photoelectron spectroscopy, HAXPES, Circular
magnetic dichroism, Angular resolved photoelectron spectroscopy
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1. Introduction
Magnetic circular dichroism (MCD) in photoabsorption and photoemis-
sion has become a very powerful tool for the element-specific investigation
of the magnetic properties of alloys and compounds. Thus far, such studies
have been mainly carried out using soft X-rays, resulting in a rather surface
sensitive technique due to the low electron mean free path of the resulting low
energy electrons. The application of hard X-rays [1] results in the emission of
electrons with high kinetic energies allowing an increase of probing depth [2].
For hν > 8 keV, the bulk spectral weight was found to reach more than
95% [3]. Hard X-ray photoelectron spectroscopy (HAXPES) has been found
to be a well-adaptable non-destructive technique for the analysis of chemical
and electronic states [4, 5]. It was recently shown that HAXPES can be com-
bined easily with variable photon polarization when using phase retarders [6].
Linear dichroism in the angular distribution of the photoelectrons is achieved
using linearly polarized hard X-rays and is succesfully applied to identify the
symmetry of valence band states in Heusler compounds [7]. In combination
with excitation by circularly polarized X-rays [6], this method will serve as
a unique tool for the investigation of magnetoelectronic properties of deeply
buried layers and interfaces in magnetic multilayer structures.
Baumgarten et al [8] carried out a pioneering study on magnetic dichro-
ism in photoemission and observed this phenomenon in the core-level spectra
of transition metals. The effect, however, was rather small (few %) because
of the limited resolution of the experiment. It was later shown that dichroic
effects are also obtained using linearly or even unpolarized photons [9, 10].
The observed intensity differences in photoemission are essentially a phe-
nomenon specific to angular-resolved measurements, and therefore, these
have been termed as magnetic circular dichroism in the angular distribution
(MCDAD) [11, 12, 13]. Recently, Kozina et al [14] reported strong dichroism
in the HAXPES of ferromagnetic CoFe and Co2FeAl films in exchange bias
structure using MnIr, these being typical materials used in tunnel magne-
toresistive devices. Noteworthy, even the Co 3p peak, which is overlapped
by the Ir 4f peak, could be identified by this technique thanks to the mag-
netic dichroism effect in that energy position. [14] These results have proved
the reliability and power of HAXPES in the study of magnetic properties in
buried layers.
This report presents a study of the angular and energy dependence of
the magnetic dichroism in photoemission using hard X-ray excitation. The
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dichroism of exchange-biased structures with epitaxially grown ferromagnetic
layers of CoFe and Co2FeAl is investigated. For this purpose the recently
installed wide-angle lens system of the HAXPES end-station of beamline
BL47XU of Spring-8 (Japan) was used. The lens system has the ability to
correct spherical aberrations over wide aperture angles, strongly enhancing
the acceptance angle of the high-energy VG Scienta R4000-HV hemispherical
analyzer from about 12◦ to about 60◦. [15, 16]
2. Theory of magnetic circular dichroism in the angular distribu-
tion of photoelectrons: MCDAD
Theoretical atomic single-particle models were quite successful in describ-
ing, explaining, and predicting many aspects of magnetic dichroism. Cherep-
kov et al [11] elaborated the general formalism for the dichroism in photoemis-
sion excited by circularly, linearly, and unpolarized radiation. They showed
that MCDAD is very sensitive to the geometry of the experiment and depends
strongly on the relative orientation between the magnetization, helicity, and
momentum of the excited electrons. The maximum effect is obtained when
the magnetization and helicity vectors are parallel; the effect decreases with
an increase in the angle between these vectors. The electronic states in solids
usually do not carry a spherical or axial symmetry as in free atoms but have
to follow the symmetry of the crystal [17]. The angular distribution Ij(k,n)
of the photoemitted electrons – as derived for example in Reference [11] for
the case of axially symmetric polarized atoms – has to account for the non-
diagonal density matrix ρnNM ′
N
[18]. This leads to the following equation for
the case of a non-axial symmetry:
Ij(k,n) =
cσ
[l]
√
3 [j]
4pi
∑
κ,L
∑
N
[N ]1/2 CjκLN
×
∑
x,M
∑
MN ,M
′
N
ργκxρ
n
NM ′
N
(j)Y ∗LM(k)D
N
MNM
′
N
(Ω)
(
κ L N
x M MN
)
l and j are the orbital and the total angular momentum of an electron in
the initial state. CjκLN are the dynamic parameters derived from the radial
matrix elements and ργκx are photon state multipoles [18]. D
j
mmj
(Ω) is the
Wigner rotation matrix with Ω being the set of Euler angles describing the
rotation from the laboratory to the atomic coordinate frame. The direction
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of the electron momentum
→
k= k(θ, φ) is defined by the angles θ and φ (see
Figure 1). Finally, cσ is a photon-energy (hν) dependent constant: cσ =
4pi2α hν
3
where α is the fine structure constant.
Figure 1: (a) The coordinate system used for the investigation of photoemission. k(θ, φ)
is the electron momentum, q is the photon beam and n is the principal axis of alignment.
θ and φ are the angles defining the direction of the outgoing photoelectrons. α is the
angle of photon incidence (in the XZ plane) as defined in optics. It is seen that the angle
describing the photon propagation in spherical coordinates is given by Θq = α + pi. The
direction of the z axis corresponds to the quantization axis n. (b) The direction of the
in-plane axes x and y is illustrated for an object with C2v symmetry.
This formalism can also be used to consider open shell atoms and the
multiplets resulting from the interaction between the core states and the
open shell valence states. In that case, the dynamic parameters CjJκLN have
to be calculated for the appropriate coupling scheme (jj, LSJ, or intermedi-
ate) with the single particle quantum numbers j,m being replaced by those
(J,M) describing the complete atomic state [11]. In that case, the dynamic
parameter will redistribute the single-electron results in a particular way over
the states of a multiplet (see References [19, 20, 21, 22, 23]).
The state multipoles of the s and p states that define the intensity and
the sign and magnitude of the dichroism are summarized in Table 1. Note
that the state multipoles are independent of the orbital angular momentum
L, they depend only on the total angular momentum J and its projection
MJ .
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Table 1: State multipoles of |L, J〉 = |0, 1/2〉, |1, 1/2〉, |1, 3/2〉, and |2, 3/2〉 states.
J 1
2
3
2
MJ +
1
2
−1
2
+3
2
+1
2
−1
2
−3
2
ρ00
1√
2
1√
2
1
2
1
2
1
2
1
2
ρ10
1√
2
− 1√
2
3
2
√
5
1
2
√
5
− 1
2
√
5
− 3
2
√
5
ρ20 - -
1
2
−1
2
−1
2
1
2
ρ30 - -
1
2
√
5
− 3
2
√
5
3
2
√
5
− 1
2
√
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2.1. Equations for grazing incidence geometry.
In the following, let us consider the special case of geometry of the ex-
periments as described below. A small deviation caused by the finite an-
gle (1◦) of the X-rays with respect to the surface will be neglected. The
photons are impinging in the x − z plane with unit vector of the photon
momentum qˆ = (− cos(α),− sin(α), 0). At such a grazing incidence with
α = pi/2 it becomes qˆ = (−1, 0, 0). The electrons are observed in the di-
rection perpendicular to the photon beam (θ = pi
2
− α) with the momentum
kˆ = (− sin(θ), 0, cos(θ)). At a photon incidence of α = pi/2 and normal
emission it becomes kˆ = (0, 0, 1). (Compare also Figures 1 and 2.)
Now examine the case:
→
n→ −
→
n where the magnetic dichroism emerges
from a switching of the direction of magnetization with the initial direction
→
n= (1, 0, 0) that is along the x-axis. Applying Equation (2) and the state
multipoles of Table 1 the circular magnetic dichroism in the experimental
geometry is given for p-states (J = 1/2, 3/2) by the simple equation:
MCDADσ±(pJ) =
∓ρ10
(√
1
3
C
(1,0,1)
JkLN −
√
1
15
C
(1,2,1)
JkLN +
√
3
10
C
(1,2,1)
JkLN cos
2(θ)
) (1)
The magnetic circular dichroism in the angular distribution (MCDAD) for
opposite helicity of the photons has an opposite sign. The equations for the
p1/2 and p3/2 states are the same. The magnitude differs, however, because of
the differences in the state multipoles ρ10 and dynamical parameters CJkLN .
The cos2 function in Equation (1) leads to a rather smooth variation of the
magnetic dichroism in the geometry used for the present experiment.
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3. Experimental details
DC/RF magnetron sputtering was used for the preparation of half of
the stack for magnetic tunnel junctions. All films were deposited at room
temperature. The argon process pressure was set to 1.5 × 10−3 mbar in the
sputtering system where the base pressure was about 10−7 mbar. The layers
were deposited on thermally oxidized SiO2 substrates in the following order:
i) Ta(5) / Ru(30) / MnIr(10) / CoFe(10) / MgO(2)
ii) Ta(5) / Ru(30) / MnIr(10) / Co2FeAl(10) / MgO(2)
The numbers in brackets give the corresponding layer thickness in nm. The
stack sequence is sketched in Figure 2a. The samples were annealed at 275◦C
for 10 min in vacuum (5×10−2 Pa) in a magnetic field of 0.1 T to provide ex-
change biasing of the ferromagnetic layer through the MnIr/CoFe(Co2FeAl)
interface (see also [24]), in such a way the CoFe or Co2FeAl layers are kept
magnetized in preset directions.
Figure 2: (Color online) (a) Sketch of the exchange-biased films used in the dichroism
experiments.
(b) Scheme of the experimental geometry. The incidence angle of the circularly polarized
photons was fixed to 1◦. X-rays of opposite helicity (σ+ and σ−) were provided by a phase
retarder. Identical samples with opposite directions of magnetization are used to avoid
the necessity of magnetization reversal by external high magnetic fields. The in-plane
magnetization M is nearly parallel to the beam axis in order to maximize the dichroism.
The photoelectrons are detected over a large range of emission angles θ.
The HAXPES experiments with an excitation energy of 7.940 keV were
performed at beamline BL47-XU of SPring-8 [25]. The energy and angular
distribution of the photoexcited electrons was analyzed using a high energy
VG Scienta R4000-HV hemispherical analyzer, in front of which a wide-
acceptance objective lens [15, 16] was placed. The effective acceptance angle
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was enlarged to about 60◦ with an angular resolution of 1◦. The overall en-
ergy resolution was about 250 meV depending on pass energy and setting
of the monochromator. The angle between the electron spectrometer and
the photon propagation was fixed at 90◦. The impinging angle was set to
1◦ (resulting in θ = −89◦) in order to ensure that the polarization vector of
the circularly polarized photons is nearly parallel (σ−) or antiparallel (σ+)
to the in- plane magnetization M+ (see Fig 1b). The sign of the magneti-
zation was varied by mounting identical samples with opposite directions of
magnetization (M+, M−). This allowed to probe the dichroism by varying
both the direction of magnetization and the direction of helicity. The ver-
tical spot size on the sample is 30 µm, while in horizontal direction, along
the entrance slit of the analyzer, the spot was stretched to approximately
7 mm. The polarization of the incident photons was varied using an in-
vacuum phase retarder based on a 600-µm-thick diamond crystal with (220)
orientation [26]. The direct beam is linearly polarized with Pp = 0.99. Us-
ing the phase retarder, the degree of circular polarization is set such that
Pc > 0.9. All measurement were performed at room temperature (3˜00 K).
The circular dichroism is usually characterized by an asymmetry that is de-
fined as the ratio of the difference between the intensities I+ and I− and
their sum, A = (I+− I−)/(I++ I−), where I+ corresponds to σ+ (ex+ i · ey)
and I− to σ− (ex − i · ey) type helicity. Here, ex,y are the x and y com-
ponents of the complex electric field vector describing circularly polarized
photons propagating along the z axis. It is difficult, however, to establish a
standard procedure for background subtraction. Moreover, small noise in the
numerator of A can produce strongly divergent values when the denominator
goes to zero after background subtraction. For this reason, the effects of the
magnetic dichroism are simply shown as difference spectra ∆I = I+ − I−.
4. Results and discussion
In the following, the magnetic circular dichroism in the photoelectron
spectra of the 2p core level of Co and Fe will be presented and discussed.
The spectra were taken from exchange biased thin CoFe and Co2FeAl films,
two materials that are widely used in spintronic devices. Firstly, results from
the angular integrated mode will be reported to explain the basic effect. In
the second part, details of the angular resolved measurements are presented.
Finally, angular integrated magnetic dichroism in emission from the valence
band will be presented.
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4.1. Angular integrated magnetic dichroism.
As starting point, the regular – that is angular integrated, polarization
dependent – photoemission spectra of the exchange-biased CoFe film were
measured using the transmission mode of the spectrometer. The results are
in well agreement to those reported earlier for similar systems [14]. As shown
in Figure 3, the 2p core level spectra of Co (left panel) and Fe (right panel)
exhibit a pronounced difference when taken with photons of opposite helicity
for a fixed direction of magnetization. The pure difference ∆I = I+ − I−
shown in Figure 3 contains all characteristic features of the magnetic circular
dichroism.
Figure 3: (Color online) Polarization-dependent photoelectron spectra of the Co 2p (left
panel) and Fe 2p3/2 (right panel) core level emission from 10 nm-thick CoFe film on top
of the MnIr exchange-biasing layer. I0 represents the background intensity anteceding
the lower energy tail. Dotted and solid arrows indicated the x-ray helicity and sample
magnetization respectively. The difference spectra are represented by the open circles.
As one can see from Figure 3a, the spin-orbit splitting of the Co 2p states
is clearly resolved. The dichroism changes its sign across the Co 2p spectrum
in the sequence: + − −+ when going from p3/2 to p1/2. This appears to
be characteristic of a Zeemann-type mj sub-level ordering as a consequence
of the signs of the state multipoles ρ10 given in Table 1. The details of the
MCDAD reveal, however, that the situation is more complicated. There
are clear hints on multiplett splittings seen in the spectra. Close below
the Co p3/2 excitation, a low intense satellite is seen that exhibits clearly a
dichroic signal. The asymmetry of this satellite is clearly higher (note the
low intensity above background) compared to that at the maximum of the
8
Co p3/2 intensity. Also, the dichroism in the Fe 2p spectrum does not vanish
in the region between the spinorbit doublet, what complicates the analysis
in terms of an asymmetry. It is a clear indicator for multiplet states that
spread over the hole Fe 2p spectrum. The splitting of the Fe 2p3/2 is clearly
more pronounced compared to Co 2p3/2. The details of the splitting an the
dichroism have been discussed more detailed already in Reference [14].
4.2. Angular resolved magnetic dichroism.
In the next step, the angular distribution of the magnetic circular dichro-
ism was investigated. In the previous experiments [14], the angular resolution
was about ±5◦ and the electron detection was performed for normal emission
only. Here, details of the magnetic dichroism will be studied over a 60◦ range
of angles with a resolution of about 0.2◦ to 2◦.
Figure 4 shows the 2p core level spectra of Co and Fe taken from the ex-
change biased Co2FeAl film. The spectra were measured in the angular mode,
which takes advantage of the wide-angle condenser lens system allowing the
electrons to be collected over emission angles from −33◦ to +33◦ around
normal emission. At the spectrometer, each channel of the detector covers
an angle slice of 0.167◦ width. In general, measurements of the angular dis-
tribution of the photoelectrons using hard X-ray source and phase-retarder
are very time consuming. The electron flux impinging each angular channel
of the detector is very small resulting in a low accumulation rate and poor
statistics compared to angular integrated spectra taken with the same inte-
gration time. For practical purposes, the spectra must be integrated over
several channels to be analyzed.
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Figure 4: (Color online) Angular distribution of polarization-dependent photoelectron
spectra of the Co and Fe 2p3/2 core level emission from 10 nm thick Co2FeAl film on top
of an MnIr exchange-biasing layer. I0 represents the background intensity anteceding the
lower energy tail. Dotted and solid arrows indicated the x-ray helicity and sample magne-
tization respectively. The bottom panel shows the EDC for both peaks and polarizations.
Curves of different photoemission angles are integrated with a slice of 4◦ and are vertically
offset from the zero value for clarity.
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The energy distribution curves (EDC) are shown in the bottom panel of
Figure 4. The spectra are summed up over slices of ±2◦ (12 channels) about
the photoemission direction indicated by the label. No striking differences
are noticed in spectral shape collected at different emission angles, but a
strong dependence on the photon polarization is noticed in both, Co and Fe,
2p3/2 peaks. In comparison with the CoFe spectra (see Figure 3a), the Co
2p3/2 has a shift to lower binding energies and exhibits a smaller dichroism.
The Fe 2p peaks in Co2FeAl are similar to those measured from CoFe (see
Figure 3b), where the spectral shapes for I+ and I− are exchanged due to
the reversal of magnetization between the two samples.
Figure 5: (Color online) Angular distribution of circular dichroism in the Co 2p3/2 (a)
and Fe 2p3/2 (b) core-level photoemission from 10nm-thick Co2FeAl film. ∆I is shown
normalized by IMAX(θ) which is the peak dispersion of the average photoemission (see
text). Horizontal line-profiles are shown on right panels; curves for different photoemission
angles are vertically offset from the zero value for clarity.
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The angular dependence of the circular dichroism is shown in all details
in Figure 5. The dichroism ∆I is normalized by IMAX(θ), which represents
the peak dispersion of the average spectra Iavg = (I+ − I−)/2. In this way,
the angular dependence of the circular dichroism is free of structural con-
tributions (e.g.: due to the forward scattering effect[27, 28]) and it results
uniquely from the magnetic properties and symmetry of the electronic states.
Note that, for both Fe and Co 2p3/2 peaks, there is an enhancement of dichro-
ism about the normal direction. This is clearer seen from Figure 6. The cos2
function in Equation (1) leads to a maximum close to normal emission as
is observed in the experiment. The small variation of the dichroism with
angle of emission reveals that an atomic like description of the MCDAD as
given above is sufficient to explain its most important features of the angular
distribution. The complete energy dependence is, indeed, more complicated
and is somehow hidden in the dynamical parameters CjJkLN of Equations (1)
and (2). As mentioned above, these parameters include all possible multiplett
and crystal field effects.
Figure 6: (Color online) Peak dispersion of ∆I/IMAX(θ) for the Co and Fe 2p3/2 states
of the Co2FeAl film.
4.3. Magnetic dichroism in valence band spectroscopy.
As already demonstrated in Reference [14], the magnetic dichroism is not
only present in the photoelectron spectra of core level but also in valence
band spectra. Different from excitation with UV photons [29, 30] and low
kinetic energies, HAXPES does not reveal emission from single bands but
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averages in k-space and is thus proportional to the density of states, indeed
convoluted with the cross sections of the contributing states. It is not clear
from beginning whether or not this allows to detect any magnetic circular
dichroism, in particular when using an angular integrating mode.
Figure 7 shows the polarization dependence of the valence band spectra
from the Co2FeAl multilayer. It should be stressed that the valence band
spectra have important contributions from the MnIr layer as well as from
other underlying layers, nevertheless, a strong effect is still visible in the
spectra near the Fermi energy when changing the helicity of the X-rays.
Tentatively, this difference in the spectra is a consequence of a depletion of
the occupied minority spin states close to the Fermi edge of the Co2FeAl
layer.
Figure 7: (Color online) Polarization-dependent photoelectron valence band spectra from
10nm-thick Co2FeAl film on top of the MnIr exchange-biasing layer. Dotted and solid
arrows indicated the X-ray helicity and sample magnetization respectively. The difference
of the spectra taken with the opposite helicity of light is represented by open-circles and
is shown enlarged by a factor of two.
Here the spectra are integrated in k-space over the initial states in the
Brillouin zone as well as over a wide range (±33◦) of emission angles. From
the spectra and dichroism shown in Figure 7 it is obvious that magnetic
circular dichroism is also observed in such integrated spectra. This demon-
strates that magnetic dichroism can be observed even in the bulk sensitive
spectroscopy of the total density of states at high kinetic energies (≈ 8 keV).
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5. Summary and Conclusion
In summary, the feasibility to measure simultaneously the angular and
energy distribution of the magnetic circular dichroism in photoelectron spec-
troscopy was demonstrated by use of a wide-angle lens setup installed at the
HAXPES end-station of the beamline BL47XU at Spring-8. Bulk-sensitive
HAXPES-MCDAD was used to image the electronic states and to study the
magnetic response from buried layers. CoFe and Co2FeAl ferromagnetic films
grown on MnIr exchange-biased magnetic layers buried beneath MgO layers
were analyzed. A strong dichroism was observed not only for core level but
also in the valence band spectra of Co2FeAl.
Recently, first spin resolved HAXPES experiments were reported [31, 32].
The much higher intensities (by three orders of magnitude) in spin integrated
spectra makes HAXPES-MCDAD attractive for the studies of magnetic bulk
materials and buried thin films in material science. HAXPES-MCDAD is
particularly still the method of choice in valence band spectroscopy with
low cross sections at high kinetic energies where the intensities are still too
low for spin-resolved methods also with large angles of acceptance at the
spectrometer.
Overall, the high bulk sensitivity of angular resolved HAXPES combined
with circularly polarized photons will have a major impact on the study of
the magnetic phenomena of deeply buried magnetic materials. It will allow
an element-specific study of the magnetism of buried layers and make feasible
the investigation of the properties of magnetic layers not only at the surface
but also at buried interfaces.
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